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SURFACE  WELDING  IN  THE  SPACE  ENVIRO^i*E^^■ 
R.  M.  Evana  and  R.  E.  Monroe* 


SUMMARY 

While  there  appears  to  be  a  real  potential  for 
welding  metals  In  space  as  a  means  of  assembly!  most 
of  the  work  to  date  has  been  concerned  with  pre¬ 
venting  such  occurance.  Solution  of  the  problems  of 
lubrication  of  moving  parts  in  space  environment 
has  taken  precedent  over  direct  studies  concerned 
with  adhesion  and  cohesion. 

Much  of  the  research  on  welding  In  space  has 
been  directed  toward  learning  fundamentals!  such 
as  affects  of  surface  conditions!  temperature!  and 
physical  properties  on  adhesion  of  materials.  This 
basic  Information  now  needs  to  bo  applied  to  those 
alloys  that  are  useful  to  the  designer. 

Investigations  are  all  influenced  by  the 
mechanics  of  simulating  space  environments  and  In 
maintaining  them  for  significant  lengths  of  time. 
There  Is  now  a  need  to  standardize  both  the  methods 
of  space  simulation  and  the  test  specimens.  Until 
this  Is  done!  more  will  be  learned  from  actual  space 
flights  than  from  ground-based  simulations. 


In  this  memorandum!  the  available  reports  in 
DMIC  which  are  concerned  with  welding  of  metal  sur¬ 
faces  In  space  environments!  whether  this  welding  Is 
desirable  or  undesirable!  are  reviewed.  It  has  been 
compiled  because  of  numerous  Inquli'les  on  the  sub¬ 
ject  over  the  past  several  months  and  as  a  result  of 
an  effort  to  gather  as  much  information  as  possible 
that  would  be  useful  in  answering  these  inquiries. 

No  attempt  has  been  made  to  present  more  than  a 
summary  of  the  work  reported  to  DMIC.  Interpreta¬ 
tion  or  comments  on  the  data  reported  have  not  been 
possible  as  yet.  Some  obvious  conflicts  are  apparent 
in  the  data  obtained  by  different  investigators 
and  even  in  the  data  of  single  investigators. 

The  phenomenon  of  surface  welding  in  the  space 
environment  is  of  interest  to  many  for  various  rea¬ 
sons.  Some  hope  to  use  the  phenomenon  for  the 
completion  of  attachment  joints  or  repairs  to 
spacecraft.  Some  are  concerned  because  of  the 
possible  malfunction  of  moving  components  such  as 
bearings!  valves !  and  electrical  contacts. 

The  space  environment  is  unique.  It  is  dif¬ 
ficult  to  study  on  earth.  One  reason  is  that  no 
sirtgle  set  of  conditions  represents  more  than  a 
small  portion  of  the  space  environment.  The  tabu¬ 
lation  below,  for  example,  shows  the  variation  in 
some  characteristics  of  the  space  vacuum  with 
altitude. 


Altitude,  Pr#B!ure,  Temperiture,  Concentrating 


Sea  level  7i 

20  1( 

125  10' 

500  10' 

4,000  10‘ 

Above  4,000  lO' 


760 

-4C  to  106 

2.5  X  10^’ 

1? 

-40 

4  X  lOlT 

10"* 

103 

10 10 

10”^ 

103 

106 

103 

103 

^^-12 

10 

10-’  to  los 

lOl  to  104 

7S%  N2*  21%  02t  1%  A 
No  I  O2*  A 
N2*  0,  Oj,  0+ 

0;  0*  I  H 

H+,  H 

05X  ,  15S< 
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Temperatures  shown  in  this  tabulation  are  those  of 
the  gas  and  have  no  significant  effect  on  the  tempera¬ 
ture  of  the  vehicle.  Most  metals  and  metallic  alloys 
are  quite  stable  in  the  space  vacuum  from  an 
englneiering-strength  standpoint.  However,  surface 
properties  will  change  significantly  with  extended 
exposure.  The  surface  properties  of  a  metal 
largely  govern  the  ease  with  which  welding  will  occur. 

Metals  can  be  welded  by  merely  bringing  their 
surfaces  into  intimate  contact.  This  does  not  hap¬ 
pen  normally,  because  two  things  prevent  actual  con¬ 
tact  of  the  metallic  surfacesi 

(1)  Metal  surfaces  are  not  clean.  The 
surface  of  a  metal  is  normally  coated 
with  films  of  oxide,  contaminants,  or 
absorbed  gases. 

(2)  Metal  surfaces  are  not  flat.  The 
surface  of  a  metal  is  normally  very 
rough  on  a  microscopic  scale.  This 
roughness  prevents  actual  contact  at 
all  but  a  few  points. 

In  terrestial  applications,  true  metal-to- 
metal  contact  can  be  avoided  or  utilized  as  needed. 
Lubricants  of  many  types  are  available  to  minimize 
wear.  Coatings  ere  available  to  prevent  welding 
when  necessary.  Even  the  terrestial  environment  is 
conducive  to  the  minimization  of  metal-to-metal 
contact  through  the  formation  of  oxide  and  adsorbed 
gas  films  on  metals.  Methods  are  also  available 
to  prepare  surfaces  for  welding  when  desired.  In 
space  none  of  these  relatively  simple  methods  of 
controlling  the  operating  characteristics  of  devices 
such  as  bearings  and  valves,  preventing  welding  of 
contacting  metal  surfaces  when  undesirable,  or 
causing  welding  to  occur  when  desirable  is  available. 
Lubricants  must  be  very  carefully  chosen  for  reliable 
operation  in  the  space  environment  because  they 
evaporate  or  lose  their  efficiencies.  Seizing  in 
bearings  or  valves  may  result.  Oxides  or  other 
coatings  which  prevent  welding  of  contacting  sur¬ 
faces  may  also  evaporate  or  may  diffuse  away  from 
the  surface  and  not  be  reformed.  Thus,  welding  may 
result,  which  will  prevent  later  desirable  separa¬ 
tion. 

It  can  be  seen  from  the  above  that  the  subject 
"welding-in-space"  can  be  quite  broad.  For  complete 
coverage  many  subjects  must  be  covered.  A  few  of 
these  arei  materials  differences  such  as  composi¬ 
tion,  hardness,  and  strength;  surface  conditions 
such  as  roughness,  crystalline  structure,  and  re¬ 
sidual  surface  contaminants;  basic  properties  such  as 
the  coefficient  of  friction  between  similar  and 
dissimilar  metal  couples;  lubricants,  if  present, 
and  their  stability;  temperature  effects;  and  effect 
of  radiation  and  exposure  times. 

Most  Investigatiors  who  are  concerned  with 
studying  the  effect  of  having  two  metals  in  contact 
in  a  simulated  space  environment  refer  to  the  adhe¬ 
sion  and  cohesion  of  the  two  materials.  The  results 
are  usually  reported  in  some  form  that  utilizes  the 
coefficient  of  friction  or  in  the  strength  of  bonds 
attained  under  standardized  conditions  for  a  particu¬ 
lar  method  of  contacting  the  surfaces  and  determining 
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tht  dttirtd  pArtmtttrt.  All  Invtitigator*  ar*  In- 
fluanetd  by  tht  difficulty  in  auitably  timulatlng 
apaet  anvironmanta  and  in  thair  maintanancti  lack  of 
atandardlsad  practical  and  tha  racpjiramanta  of  thair 
prograai  objactlvaa.  Thuti  In  apita  of  tha  fact  that 
nany  studiaa  applicable  to  tha  aMlding-in-apaca 
phanoawnon  hava  baan  mada  and  art  In  prograaai  llttla 
direct  correlation  of  tha  reported  raaulta  la  poa- 
eibla.  Conaa<|uantlyi  in  thla  review  tha  viewpoint 
haa  bean  taken  that  tha  beat  way  to  cover  tha  avail¬ 
able  literature  ia  to  cover  each  item  individually. 
To  do  thia.  axtenaiva  direct  quotationa  of  important 
information  from  final  raporta  or  tha  lataat  avail¬ 
able  prograaa  raporta  hava  baan  used.  Tha  amphaaia 
ia  placed  on  thoaa  atudiaa  involving  bare  matal-to- 
bara  metal  contact  and  of  comaiarcial  matariala  in 
particular.  Lubricantai  lubrication,  coatings,  and 
teat  equipment  atudiaa  are  covered  by  an  appended, 
annotated  bibliography. 

Tha  available  literature  on  aolld-atate  welding 
(diffuaion  bonding,  cold  welding,  etc.)  and  friction, 
wear,  and  lubrication  forma  an  important  basis  for 
much  of  tha  understanding  of  surface  welding  in 
space.  Tha  interested  reader  should  consult  the 
many  available  references  on  these  subjects  to  aid 
in  developing  an  understanding  of  the  important 
phenomena  controlling  metal  surface  welding. 

BESEARCH  AT  THE  HUGHES  AIRCRAFT  COMPANY 

In  early  work  at  Hughes  Aircraft,  the  effect 
of  surface  contaminants  on  the  ability  to  prevent 
seizure  between  metal  surfaces  at  2  x  lO**^  torr  was 
demonstrated.!  D*  A  pointed  rod  of  cold-rolled 
steel  could  not  be  made  to  stick  (weld)  to  a  flat 
surface  of  the  same  material  even  after  75  days  at 
room  temperature.  Induction  heating  the  steel  to 
1650  F  and  holding  for  1-1/2  hours  to  degas  the 
surface,  followed  immediately  by  scratching  the  two 
specimen  parts  together,  caused  seizure.  The 
strength  of  the  resultant  Joint  was  about  45,000  psi. 
The  need  for  vacuums  that  are  much  better  than  10“9 
torr  to  fully  evaluate  metal-to-metal  welding  was 
shown  when  the  degassed  specimen  was  allowed  to 
stand  for  0.5  hour,  after  which  seizure  could  no 
longer  be  realized. 

Subsequent  studies  at  Hughes  for  NASA  have 
been  directed  toward  the  determination  of  the  tem¬ 
perature,  time,  and  conditions  that  cause  adhesion 
or  cohesion  between  metallic  materials.  Including 
structural  metals  In  a  vacuum. (2,3)  They  define 
adhesion  as  "the  molecular  attraction  exerted  be¬ 
tween  the  surface  of  separate  bodies  In  contact", 
and  cohesion  as  "the  molecular  attraction  by  which 
particles  of  a  single  body  are  united  throughout 
the  mass,  whether  the  particles  are  like  or  unlike". 
However,  for  their  purposes,  bonding  of  like 
materials  Is  called  cohesion,  while  bonding  of 
unlike  materials  Is  called  adhesion. 

The  early  portion  of  the  first  year's  work 
on  this  program  was  used  for  the  design  and  fabrica¬ 
tion  of  a  vacuum  test  chamber  incorporating  these 
featuresi  ( l)  an  environmental  pressure  not  greater 
than  5  x  10~9  torr,  (2)  a  loading  device  capable  of 
providing  and  measuring  tensile  and  compressive 
loads  of  from  0  to  100,000  psi,  and  (3)  a  range  of 
test  temperatures  from  25  to  500  C. 


*  References  are  listed  on  pages  13  and  14. 


Tests  ware  made  in  this  equipment  by  ths 
application  of  compressive  loads  to  contacting  tost 
speciinons  in  tha  vacuum  chamber  for  a  given  time. 
Then,  the  tensile  force  required  to  separate  the 
two  specimens  was  measured  to  determine  tha  extent 
of  adhesion  or  cohesion. 

Thirteen  different  combinations  of  metal 
couples  were  evaluated.  Loads  equivalent  to  80 
percent  of  thair  compressive  yield  strengths  at 
test  temperature  for  times  to  about  2  hours  were 
used. 

The  method  of  preparing  specimens  was  as 
followsi  machine  and  surface  grind  to  a  finish  of 
32  i  5  imsi  degrease  by  standard  military  specifica¬ 
tion  techniques.  Place  In  vacuum  chamber,  pump 
down,  and  bake  out  at  the  temperature  which  Is  to 
be  used  for  bonding  the  specimen.  Bake  out  Is 
continued  until  the  pressure  reaches  5  x  lO"^ 
torr,  after  which  It  Is  held  for  6  hours  before  the 
contacting  surfaces  are  contacted. 

Under  these  conditions  the  following  couples 
did  not  bond  at  500  Ci 

(l)  304  steel  to  304  steel,  (2)  304  steel 

to  A286  steel,  (3)  304  steel  to  Ren^  41,  (4)  A286 
steel  to  A286  steel,  (5)  Ren^  41  to  Rene'  41, 

(6)  T1-6A1-4V  alloy  to  Rene'  41,  and  (7)  A286  steel 
to  Rencf  41. 

The  following  couples  did  not  bond  at  300  Ci 

( l)  2014  aluminum  to  Ti-6  alloy, 

(2)  2014  aluminum  to  304  steel.  Ti-6A1-4V 

alloy  to  Ti-6A1-4V  alloy. 

Copper  formed  a  weak  bond  to  Itself  at  tem¬ 
peratures  as  low  as  300  C.  The  2014  aluminum 
showed  a  tendency  to  bond  to  Itself,  Rene'  41,  and 
A286  at  300  C. 

Data  collected  as  a  result  of  this  study 
at  various  times  and  at  various  temperatures  are 
recorded  In  Figures  1,  2,  and  3. 

For  the  second  year's  work  in  this  program, 
the  equipment  was  modified  for  conducting  dynamic 
tests  In  which  one  of  the  specimen  parts  was 
oscillated  ±  2  degrees  at  3  cps  against  the  other 
(stationary)  specimen  part,  while  under  compressive 
load.  The  couples  tested  in  the  altered  equipment 
are  listed  In  Table  1.  All  couples  were  tested 
under  static  conditions,  but  only  the  first  11  were 
tested  under  dynamic  conditions.  As  expected, 
adhesion  and  cohesion  occurred  more  readily  In  the 
dynamically  loaded  tests  than  In  the  static  tests. 

Under  dynamic  loading  conditions,  the  follow¬ 
ing  couples  bonded  at  room  temperature* 

(1)  A286  steel  to  A286  steel,  (2)  304  steel 

to  304  steel,  (3)  Ren^  41  to  Renrf  41,  (4)  T1-6A1-4V 
alloy  to  T1-6A1-4V  alloy,  and  (5)  copper  to  copper. 

The  following  couples  did  not  bond  at  room 
temperature,  but  did  bond  at  150  C, 

( 1)  2014  aluminum  to  2014  aluminum,  (2)  304 

steel  to  2014  aluminum,  (3)  304  steel  to  Rene'  41, 

(4)  2014  aluminum  to  Renl  41,  (5)  2014  aluminum  to 
A286  steel,  and  (6)  2014  aluminum  to  T1-6A1-4V  alloy. 
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FIGURE  1.  MAXIMUM  LOADS  AND  TEMPERAIURES  UNDER 
WHICH  ADHESION  OR  COHESION  DID  NOT 
OCCUR  IN  70,000  SEOONDS(2) 
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FIGURE  3.  SUMMARY  OF  ADHESION  AND  COHESION  TESTS^^) 

For  all  materials  except  2014  aluminum, 
the  loads  were  based  on  80  percent  of 
the  compressive  yield  strength  of  the 
material  at  temperature.  Loads  for 
aluminum  were  varied  In  an  attempt  to 
arrive  at  loc^  is  which  would  give 
negligible  creep. 
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FIGURE  2.  BOND  STRENGTH  OF  COUPLES  THAT  ADHERED  OR 
COHERED  AT  300  c(2) 


TABLE  1.  TEST  COUPLES' 


(1)  OFHC  copper  (annealed)  versus  OFHC  copper 
(annealed) 

(2)  AISI  type  304  CRES  (annealed)  versus  AISI  type 
304  CRES  (annealed) 

(3)  2014  T-6  aluminum  versis  2014  T-6  aluminum 

(4)  2014  T-6  aluminum  versus  AISI  type  304  CRES 
( annealed) 

(5)  Rene'  41  (solution  treated  and  aged)  versus 
Rene'  41  (solution  treated  and  aged) 

(6)  Ren^  41  (solution  treated  and  aged)  versus 
2014  T-6  aluminum 

(7)  Ren^  41  (solution  treated  and  aged)  versus 
AISI  type  304  CRES  (annealed) 

(8)  .A286  steel  (precipitation  hardened)  versus 

A286  steel  (precipitation  hardened) 

(9)  A286  steel  (precipitation  hardened)  versus 

2014  T-6  aluminum 

(10)  Ti-6A1-4V  alloy  (precipitation  hardened) 
versus  Ti-6A1-4V  alloy  (precipitation  hardened) 

(11)  T1-6A1-4V  elloy  (precipitation  hardened) 
versus  2014  T-6  aluminum 

(12)  A286  steel  (precipitation  hardened)  versus 
AISI  type  304  CRES  (annealed) 

(13)  A286  steel  (precipitation  hardened)  versus 
Ren/  '41  (  solution  treated  and  aged) 


MOMMA 


Jk-, 


I 


I 


4 

Th«  rtlatlv*  east  with  which  tha  couplas 
bondad  in  dynamic  taats  raadlly  damonstratad  how  tha 
machanical  abrasion  danudad  tha  surfacac  of  various 
films  which  pravant  bonding. 

Tha  tasts  or  procaduras  usad  for  static  load¬ 
ing  during  the  sacond  year  of  the  program  ware 
assantialiy  th*  aame  as  those  usad  in  tha  aai'ly 
part  of  tha  work  axcapt  t'>t  changes  in  tachniqua. 
Contacting  loads  were  limited  to  the  lowest  value 
meeting  one  or  mora  of  the  following  critariat 
(1)  80  percent  of  tha  comprassiva  yield  strength  of 
tha  weaker  material  at  test  tanparature,  (2)  a  load 
at  which  no  creep  would  occur,  (3)  9000  pel.  The 
tanparaturas  used  ware  25,  190,  300,  and  900  C, 
except  for  couples  containing  aluminum.  Tha  maxi¬ 
mum  tanparature  for  aluminum  was  300  C. 

The  specimen  parts  for  dynamic  loading  were 
prepared  in  tha  same  manner  as  tha  static-loaded 
spacimens.  The  top  specimen  part  was  oscillated 
slightly  at  a  rate  of  3  cps  for  the  required  test 
duration  time,  while  the  lower  specimen  part  was 
held  stationary. 

The  results  of  tha  static  tests  are  shown  in 
Figure  4.  The  conditions  under  which  adhesion  or 
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FIGURE  4.  SIWMARY  OF  STATIC  ADHESION  AND  OOHESION 

TESTs(3) 


cohesion  occurred  in  dynamic  tests  and  the  resultant 
bond  strengths  are  shown  in  Figure  9.  Figure  6  com¬ 
pares  the  test  conditions  of  maximum  severity  that 
resulted  in  no  bonding  with  the  minimum  test  condi¬ 
tions  that  gave  bonding.  A  comparison  is  made  in 
Figure  7  of  the  static  and  dynamic  test  results  in 
terms  of  temperature  at  which  adhesion  or  cohesion 
may  be  expected. 

Certain  anomalies  are  shown  in  the  data  for 
some  of  the  material  combinations  in  that  adhesion 
was  obtained  at  relatively  low  loads  but  not  at 
higher  loads.  The  explanation  was  that  the  shear 
forces  acting  on  the  bonded  specimens  during  elastic 
relaxation  cause  bond  failure  upon  release  of  the 
compressive  load  and  thus  rupture  the  bonds  if  they 
are  weak.  The  magnitude  of  the  shear  forces  was 
proportional  to  the  applied  loads.  The  shear  forces 
were  increased  when  two  materials  of  dissimilar 
modulse  of  elasticity  made  up  the  test  couple,  be¬ 
cause  the  material  with  the  lower  modulus  underwent 
more  elastic  deformation  than  the  other.  Though 
these  forces  were  modest,  they  could  have  disrupted 
bonds  that  were  weak.  If  test  conditions  were  suf¬ 
ficient  to  form  a  strong  bond,  it  is  not  likely  that 
the  bonds  would  have  been  affected  by  these  forces. 

The  bulk  of  the  Hughes  work  on  adhesion  of 
metals  in  the  space  environment  is  summarized  in  a 
paper  by  Winslow  and  McIntyre  given  at  the  AIAA/ASME 
Seventh  Structures  and  Materials  Conference,  Cocoa 
Beach,  Florida,  April  18-20,  1966.126) 

SOLID-STATE  ADHESION  OF  METAL  STUD/ 

AT  NATIONAL  RESEARCH  CORPORATION 

Studies  on  the  solid-state  adhesion  of  metals 
have  been  conducted  at  National  Research  Corporation 
for  the  past  several  years  under  the  sponsorhip  of 
NASA  and  the  U.  S.  Air  Force.  Their  work  and  that 
of  Hughes  complement  each  other. 

The  general  objective  has  been  to  obtain 
additional  information  as  to  the  conditions  under 
which  metals  and  alloys  of  engineering  importance 
for  space  applications  will  adhere  enough  to  hinder 
the  relative  motion  or  subsequent  separation  of 
components . 

NRC,  in  addition  to  the  preventive  aspect  of 
adhesion,  has  considered  the  cold-welding  phenomenon 
in  a  more  positive  lighti  as  a  convenient  and  useful 
joining  technique  in  space  or  vacuum.  Metal-to-raetal 
Joints  may  exhibit  important  advantages  such  as  an 
absence  of  a  heat-affected  zone  surrounding  the 
weldment.  Also,  dissimilar  metals,  which  cannot  be 
welded  by  conventional  methods  due  to  brittle  phase 
formation  or  relative  insolubility,  can  be  joined 
by  low-temperature  adhesion  techniques. 

The  following  definitions  are  used  in  the  NRC 
worki  adhesion  (cold  welding)  -  the  ability  of  two 
separate  atoms,  molecules,  or  materials  to  form  a 
common  bond*  adhesion-coefficient  (ck)  -  the  ratio 
of  the  force  required  to  rupture  the  cold-welded  bond 
and  the  force  required  to  form  the  bond}  compressi¬ 
bility  factor  (C)  -  the  ratio  of  applied  stress  re¬ 
quired  to  form  the  cold-welded  bond,  and  the  actual 
yield  stress  of  the  test  material.  In  the  case  of 
dissimilar  materials,  the  yield  stress  of  the  softest 
material  was  used. 
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FIGURE  6.  BOND  STRENGTH  OF  COUPLES  TESTED  DYNAMICALLY^^) 
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G  =  green,  R  =  red,  and  B  =  black.  The  letters  are  at  the  top  of  the  bur,  they  indicate  temperatures. 


■0  mmcimmi 
MO  COWOIM 


rtofiooruM,  c 


FIGURE  7. 


CUMPAKISON  OF  ADHESION  AND  COHESION 
UNECR  STATIC  AND  DYNAMIC  CONDITIONS  AT 
VARIOUS  TEMPERATURES^  3) 


These  definitions  are  taken  from  a  recent 
publication  by  NRC  investigators  and  result  from 
much  work  concerned  with  methods  of  interpreting 
the  data  selected.^ Early  reports  (not  all  NRC 
research  is  covered  by  reports  available  at  DMIC) 
contained  much  on  the  problem  of  the  development 
of  specimens  I  equipment,  and  technique. 

A  notched  tensile-type  specimen  was  used  to 
evaluate  cohesion  at  various  temperatures  by  re¬ 
peatedly  fracturing  and  rejoining  the  specimen  in  a 
vacuum  system  capable  of  achieving  pressures  of 
5  X  10”^®  torr.w)  Actual  pressures  were  always 
in  excess  of  this,  however,  because  of  equipment 
outgassing.  Copper,  mild  steel,  and  hardened  steel 
were  studied.  The  results  were  expressed  in  terms 
of  percent  cohesions  the  ratio,  average  true  cohesive 
stress  to  average  true  virgin  fracture  stress. 

The  effects  of  temperature  in  the  range  25  to 
500  C,  environmental  pressure,  time  the  specimen 
components  were  apart,  compressive  stress,  and  the 
time  the  Joint  was  in  compression  were  evaluated. 

A  make-and-break  technique  was  used  in  this  work. 

The  maximum  cohesion  obtained  at  room  tem¬ 
perature  was  about  65  percent  for  OFHC  copper,  19 
percent  for  1018  steel,  and  0  percent  for  hardened 
52100  steel.  Time  in  contact  appeared  to  be  an 
important  factor  for  copper  at  200  C  and  above. 


Both  1013  steel  and  52100  steal  were  "self- 
cleaning"  at  500  C,  the  former  showing  repeated 
readings  near  100  percent  cohesion,  and  the  latter 
increasing  in  percent  cohesion  with  each  successive 
break.  Except  for  steel  at  500  C  and  copper  at  350 
and  400  C,  cohesion  dropped  with  each  successive 
break.  This  was  attributed  to  work  hardening,  with 
contamination  contributing  also  when  exposure  was 
severe . 

In  follow~on  research,  the  equipment  used  to 
join  single  notch-test  tensile  specimens  was  altered 
to  permit  eight  tests  during  one  pump-down  of  the 
vacuum  system.!  The  specimen  was  also  changed. 
Flat-face  and  chisel-edge  shaped  parts  were  used; 
the  rectangular  flat  faces  or  the  chisel  edges 
were  crossed  during  contact.  The  tests  were  run 
at  room  temperature  and  at  pressures  between  10-8 
and  10-9  torr.  Both  similar  and  dissimilar  com¬ 
binations  of  the  following  metals  at  two  hard¬ 
ness  levels  were  studied;  copper-beryllium  alloy 
1018  steel,  4140  steel,  440C  steel,  and  titanium. 

The  cleaning  method  used  was  wire  brushing.  Some 
development  of  a  second  method  of  cleaning,  ion 
bombardment,  was  also  begun  during  this  period. 

Conclusions  drawn  at  that  time  (November, 
1963),  by  NRC  were  as  follows!  ( l)  soft  copper  has 
no  tendency  to  adhere  to  itself  or  to  steel, 
titanium,  or  copper-beryllium  alloy  at  10"9  torr  at 
room  temperature  after  exposure  to  a  pressure  of 
10-6  torr  at  250  C,  even  when  severely  deformed  in 
compression;  (2)  wire  brushing  at  10-9  torr  after 
heating  to  250  C  at  lO"®  torr  can  cause  at  least 
6  percent  cohesion  between  flat  surfaces  of  soft 
copper,  but  not  of  soft  steels  at  room  temperature 
when  slightly  deformed  in  compression;  (3)  wire 
brushing  of  soft  copp.er  at  10“9  torr  after  heating 
to  250  C  at  10~6  torr  does  not  cause  it  to  adhere 
to  unbrushed  steel,  copper,  titanium,  or  copper- 
beryllium  alloy  at  room  temperature  after  slight 
deformation  in  compression;  (4)  no  cohesion  occurs 
between  specimens  of  soft  steel  or  of  soft  titanium 
when  severely  deformed  in  compression  between  10-9 
torr  after  exposure  at  10”6  torr  at  250  C;  and  (5) 
much  less  cohesion  occurs  between  pieces  of  soft 
copper  after  wire  brushing  in  vacuum  than  after 
fracturing  and  rejoining  in  vacuum. 

The  most  recent  NRG  reports  available  to  DMIC 
cover  research  for  Edwards  Air  Force  Base  under 
Contract  No.  AF  04(611)-9717.'’^)  It  is  concerned 
with  the  extent  to  which  adhesion  occurs  between 
bare  metal  surfaces  and  the  effectiveness  of  certain 
antiadhesion  coatings.  The  materials  studied 
ranged  from  very  soft  to  very  hard,  and  the  coatings 
ranged  from  soft  laminar  films  to  hard  oxide 
surface  layers.  The  temperature  range  over  which 
the  adhesion  properties  were  investigated  was  from 
90  to  260  C.  The  stress  levels  used  were  from 
0  to  1000  psi.  The  pressure  under  which  adhesion 
measurements  were  made  ranged  from  760  torr  to 
less  than  10-13  torr. 

The  specimens  for  this  program  were  fabricated 
from  the  following  materials:  OFHC  copper,  2014-0 
Al,  stainless  steel  17-4PH,  stainless  steel  440C, 
and  tungsten  carbide.  The  specimen  shape  and  size 
is  given  in  Figures  8  and  9.  The  faces  of  the 
specimen  disks  were  the  actual  adhesion  test  sur¬ 
faces.  A  specimen  set  consisted  of  one  rotating 
specimen  constrained  between  two  similar  fixed 
specimens.  The  method  of  assembling  and  the  testing 
apparatus  is  adequately  illustrated  in  the  report. 
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FIGURE  9.  ROTATING  TEST  SPECIMEn(T) 


The  metals  were  tested  bare  and  with  the 
following  antiadhesion  coatings i  aluminum  oxide, 
chromium  oxide,  zirconium  oxide,  and  molybdenum 
disulfide.  The  oxide  coatings  were  applied  by  the 
"Roklde"  process.  The  coatings  averaged  0.015  inch 
thick.  The  molybdenum  disulfide  was  applied  by  the 
"electrofilm"  process.  The  film  thickness  averaged 
about  U.0003  Inch. 

The  bare  metal  specimen  test  faces  were 
ground,  polished,  and  lightly  liquid-honed,  using 
325-mesh  aluminum  oxide  to  assure  uniform  surface 
conditions.  The  oxide-coated  specimens  were  fin¬ 
ished  on  2/0  metallurgical  polishing  paper.  The 
molybdenum  disulfide  coatings  were  applied  to  speci¬ 
mens  that  had  been  finished  as  described  and  re¬ 
ceived  no  further  finish  processing. 

Specimens  were  cleaned  by  ultrasonic  scrubbing 
in  a  detergent  solution,  acetone,  and  ethyl  alcohol, 
prior  to  each  series  of  experiments,  and  degassed 
before  testing. 

The  experimental  procedures  used  are  too 
complex  to  detail  here.  The  contacting  surfaces 
were  not  rotated  significantly  under  load  until 
they  had  been  at  test  temperature  and  under  test 
load  for  30  minutes.  This  was  done  to  check  for 
adhesion  and  to  get  a  measure  of  the  friction  com¬ 
ponent  of  the  shear  stress  to  rotate.  The  results 
of  this  study  are  shown  in  Figures  10  and  11. 


FIGURE  10.  ROTATIONAL  STRESS  TO  SHEAR  RESIDUAL 

COLD  WELDING  AFTER  RELEASE  OF  CONTACT 
STRESS  FOR  VARIOUS  MATERIAL  COMBINATIONS 
IN  VACUUM(7) 
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This  report  also  contains  a  review  of  existing  FIGURE  11.  ROTATIONAL  STRESU  TO  SHEAR  RESIDUAL 

cold-welding  studies  and  a  set  of  design  criteria  COLD  WELDING  AFTER  RELEASE  OF  LOAD  FOR 

developed  to  aid  in  preventing  welding.  COATED  MATERIALS(T) 
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B«s«d  on  tho  rotulti  of  tills  program  and  tha 
rtviaw,  tavtral  Intarralatad  paramatars  appaar 
particularly  Important  In  controlling  tha  waldlng 
procass.  Thay  srai  (1)  surfaca  claanllnasst  (2) 
laatlc  atrsaa-straln  at  tha  contacting  intarfaca. 

3)  maehanlcal  propartlas  (alaatlc  modulus,  ylald 
atrangth,  hardnasa,  and  ductility) ,  (4)  tast 
tamparatura,  (5)  lattlca  structura,  (6)  surfaca- 
contour  profile,  (7)  ralatlva  surface  motion,  and  • ’  ' 
(8)  vacuum  environment. 

Studies  of  tha  affects  of  these  parameters  on 
tha  cold-waldlng  procass  may  be  utlllzaa  In  formu¬ 
lating  useful  guides  to  minimize  dalatarlous  matal- 
matal  bonding.  Tha  follosdng  polr^  will  be  useful 
In  preventing  or  minimizing  tha  oamgar  of  cold 
weldlngt  (1)  Use  hlgh-modulus  hard  materl-.s  with 
limited  ductility.  (2)  Maintain  nonmatalllc 
lubricant  film  such  as  MoSo  between  tha  contacting 
surfaces.  (3)  Avoid  abrasive  motion  such  as  sliding, 
which  might  remove  oxide  or  contaminant  films. 

(4)  Avoid  contact  stresses  near  yield  stress  of  the 
softer  materials}  contact  stresses  should  be  as  low 
as  possible.  (5)  Avoid  operating  temperatures  that 
exceed  one-half  the  absolute  melting  point. 

Also  Included  In  this  report  as  a  result  of 
the  review  Is  a  tabulate  of  data  from  several 
sources  on  solid-state  peMlng  in  vacuum.  In  some 
cases,  results  reported  .tn  this  table  were  standard¬ 
ized  for  comparability  with  other  Investigations. 

The  table  Is  reproduced  In  Its  entirety  as  Table  2. 

Finally,  NRC  has  examined  the  effect  of  lattice 
solubility  as  a  mechanism  Important  to  cold  weld¬ 
ing.!  A)  Olsslmllar-metal  specimens  made  from 
metals  that  were  completely  soluble  In  each  other 
at  low  temperature  (copper-gold,  copper-nickel, 
silver-gold,  and  columblum-tln)  and  from  metals 
with  less  than. 0.1  percent  solubility  at  room 
temperature  (dopper-tln,  silver-beryllium,  silver- 
nickel,  and  gold-lead)  were  tested.  The  results 
shown  In  Figure  12  indicate  that  adhesion  was  ob¬ 
tained  for  both  solubility  conditions.  As  in 
previous  work,  the  degree  of  cleaning,  temperature, 
and  loading  were  the  prime  test  variables.  The 
fourth  variable  was  also  evident  from  the  results 
shown  In  Figure  12.  This  variable  was  that  adhesion 
or  cold  welding  was  related  inversely  to  the  hard¬ 
ness  (average  yield  stress)  of  the  material  pair. 

STUDIES  AT  MIDWEST  RESEARCH  INSTITUTE 

Another  program  concerned  with  the  welding  of 
metals  when  exposed  to  space  environments  was  re¬ 
cently  completed  at  Midwest  Research  Institute  for 
NASA-Manned  Spacecraft  Center.'^)  The  approach 
used  was  to  determine  the  coefficients  of  friction 
for  various  metal  combinations  under  specified 
conditions  and  to  relate  these  data  to  the  likeli¬ 
hood  of  adhesion  occurring. 

The  test  apparatus  used  the  concept  of  three 
pellets  resting,  or  being  rotated,  on  an  annular 
wear  track  2.3  In.  in  diameter.  The  three  pellets, 
0.065  in.  in  diameter,  were  rigidly  mounted  in  a 
holder  and  supported  a  9.2-pound  weight;  this 
weight  produced  a  1000-psi  contact  pressure  between 
the  pellets  and  the  wear  surface  (based  on  pro¬ 
jected  area) .  Heaters  were  incorporated  for  main¬ 
taining  the  wear  surfaces  at  approximately  200  C. 
Measurement  of  the  force  necessary  to  rotate  the 
pellets  gave  the  coefficient  of  friction.  The 


mechanism  was  enclosed  In  a  vacuum  system  capable 
of  maintaining  pressure  In  the  10~^  and  lO'^v  torr 
region. 

The  degree  of  cold  welding  was  determined 
under  static  and  dynamic  conditions  for  45  metal 
combinations  In  the  high-vacuum  environment.  The 
Mtals  Investigated  werei  2014-T6  aluminum, 
M1-6A1-4V  titanium  alloy,  Be-Cu,  electrolytic  grade 
cobait,  ;a21  stainless  steel,  Rene' 41,  E-52100  steel, 
and  coin  silver.  Each  of  the  nlno  metals  was  tested 
against  themselves  and  each  of  the  other  metals. 

The  pellets  were  exposed  to  chamber  pressure  of 
less  than  5  x  10~^!)  torr  before  contact  was  made, 
but  during  testing  the  chamber  was  In  the  '9 
torr  range.  A  static  test  consisted  of  a  coefficient 
of  friction  being  measured  at  breakaway  after  sta¬ 
tionary  contact  of  300  hr,  at  a  temperature  of  200  C. 
The  dynamic  tests  proceeded  at  a  rotational  velocity 
of  0.4  In./sec  immediately  after  breakaway;  it  con¬ 
tinued  until  the  coefficient  of  friction  exceeded 
4.9  ( limit  of  the  test  apparatus) ,  the  pellets 
wore  excessively,  or  the  time  exceeded  100  hr. 

The  results  of  the  Investigations  were  com¬ 
piled  In  several  format  (l)  a  ranking  of  the  45 
metal  combinations  In  order  of  Increasing  static 
coefficients  of  friction,  (2)  a  similar  ranking  of 
the  dynamic  coefficients  of  friction  during  short- 
time  testing,  and  (3)  a  tabulation  of  the  co¬ 
efficients  of  friction  in  a  more  convenient  listing 
so  that  data  of  a  particular  metal  combination  could 
be  readily  located. 

Table  3  is  a  ranking  of  the  metals  based  on 
average  coefficients  of  friction  and  gives  the 
general  tendencies  of  various  metals  to  cold  weld. 

The  static  and  dynamic  coefficients  of  fric¬ 
tion  are  presented  in  Figure  13  in  a  more  con¬ 
venient  form  for  easier  access  to  the  design 
engineer.  It  Includes  the  maximum  and  minimum 
values  of  the  dynamic  coefficients  of  friction  as 
well  as  additional  data  for  medium  and  long-time 
dynamic  testing.  Thus,  the  design  engineer  can 
locate  the  results  of  studies  for  a  particular 
metal  combination  that  he  may  be  considering  in  a 
design  problem. 

The  most  interesting  conclusion  drawn  by 
these  investigators  was  that  very  little  correla¬ 
tion  existed  between  the  coefficients  of  friction 
(or  tendency  to  cold  weld)  and  properties  of  the 
materials  investigated. 

Midwest  also  made  a  literature  survey  on  the 
subject  of  cold  welding  in  a  vacuum.  The  material 
found  is  discussed  in  detail,  and  summaries  of 
various  Investigations  are  tabulated. 


Cold  welding  in  a  high  vacuum  Is  of  interest 
In  the  US3R,  probably  for  the  same  reasons  as  in 
this  country.  The  seizing  of  pure  similar  and 
dissimilar  metals  in  a  vacuum  of  10"^  to  10“^!^ 
torr  was  investigated  by  Golego  at  room  temperature 
at  a  rate  of  relative  motion  of  the  contacting 
surfaces  of  1  m/sec  or  under  static  pressure. (9) 
Thirty  pure  metals  were  tested  under  a  stress  of 
5  percent  of  the  tensile  strength  of  the  metal.  It 
was  found  that  with  friction,  under  conditions  of 
high  vacuum  all  similar  metals  were  susceptible  to 
seizing.  The  coefficient  of  friction  for  dissimilar 
metals  varied  from  0.8  to  6.5  and  depended  on  the 
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TABU  3.  SILBCreO  BXPIRIiaKTAL  DATA  ON  AOttSION^'') 


Bonding  Piotiurt 
or  Poroont  PUi- 


60  poroont  roduotlon  1  otaoophoro  RT 
In  tMoknooo  (olr) 

to  poroont  roduotlon  1  ataaoplioEO  RT 
In  tMoknooo  (olr) 

TO  poroont  roduotlon  1  otaoophoro  RT 
In  thloknooo  (air) 

60  poroont  roduotlon  1  atnaaphon  RT 
In  thloknoto  (air) 

to  poroont  roduotlon  1  otaoophoro  RT 
In  thloknooo  (air) 

16  poroont  roduotlon  1  atanophoro  6CX)  C 
In  thloknooo  (air) 

16  poroont  roduotlon  1  ataoophoro  400  C 
In  thleknaoo  (air) 

26  poroont  roduotlon  1  ataaophoro  300  C 
In  thloknooo  (air) 

40  poroont  roduotlon  1  otaoophoro  2J0  C 
In  thloknooo  (olr) 

TO  poroont  roduotlon  1  atnoophoro  RT 
In  thloknooo  (air) 

TO  poroont  roduotlon  1  ataoophoro  RT 
In  thleknaoo  (air) 

TO  poroont  roduotlon  1  ataoophoro  RT 
In  thleknaoo  (air) 

TO  poroont  roduotlon  1  otaoophoro  RT 
In  thleknaoo  (air) 

39  poroont  roduotlon  1  ataoophoio  RT 
In  thlcknoao  (air) 

39  poroont  roduotlon  1  ataoiphoro  RT 
In  thloknoto  (air) 

3T  poroont  roAietlon  1  otaotphoro  RT 
In  thloknooo  (air) 

34  poroont  roduotlon  1  otaoophoro  600  C 
In  thloknoto  (air) 

38  poroont  roduotlon  1  otaoophoro  900  C 
In  thloknooo  (air) 


1020-1020 
'  otool 
1020-1020 

otool 

Pb-Pb,  Al-Al, 
Au-Aui  Ag-Ag 


Touch  contact 

10-Ii  torr 

RT 

Haataphara 

on  flat 

Touch  contact 

10-11  torr 

RT 

Haalaphara 

or.  flat 

Touch  contact 

10“11  ton 

RT 

Hacaiaphara 
on  flat 

Touch  contact 

lO'll  torr 

RT 

Haniaphara 
vn  fiat 

Touch  contact 

10"11  torr 

RT 

Hamlaphara 
on  flat 

Touch  contact 

10-11  torr 

RT 

Haodaphara 
on  flat 

Touch  contact 

10*11  torr 

RT 

Haalaphara 

on  flat 

Touch  contact 

10*11  torr 

RT 

Haniaphara 

90  pareant 

10-«  torr 

RT 

Ruptura  and 
rajoin 

20  pareant 

10*8  ton 

RT 

Ruptura  and 
rajoin 

10  pareant 

10*8  torr 

RT 

Ruptura  and 
rajoin 

150  pareant 

10*8  torr 

300  C 

Ruptura  and 
rajoin 

0  pareant 

10*8  torr 

300  C 

Ruptura  and 
rajoin 

1/4  In.  dl- 
aMtar  roc 

200  to  1000  pal 

1  ataoaphara 
(air) 

RT 

200  to  1000  pal 


200  to  1000  pol 


1  otaotphoro  RT 
(air) 


1  ttaoophart  RT 
(olr) 


Coofflolont 
of  Adhoolon 
OS'  Bond 

Tvno  of  Toot  Burfoeo  Pronoratlan  tlronnth 

Roll  bonding  Oagroato  follooad  1 

by  oflra  biuthlng 

Roll  bonding  Dogxoaoo  fellonad  1 

by  nlro  bruohlng 

Roll  bonding  Dagroaoa  follomd  1 

^  nlro  bauthlng 

Roll  bonding  Oogioato  follonod  0i9 

by  nlro  bruohlng 

Roll  bonding  Dogroato  follonod  1.0 

by  nlro  bruohlng 

Roll  bonding  Dogroato  follonod  0,3 

by  nlro  hxuthlng 

Roll  bonding  Dogroato  follonod  0.3 

^  nlro  bruohlng 

Roll  bonding  Dogroato  follonod  0.3 

by  nlro  biuthlng 

Roll  bonding  Dogroato  follonod  0.3 

by  nlio  bruohlng 

Roll  bonding  Dogroato  follotrod  14,000  pol 
^  trlro  bruohlng 

Roll  bonding  Dogroato  follonod  24,000  pol 
by  nlro  bruohlng 

Roll  bonding  Dogroato  follonod  24,000  pol 
by  nlro  bruohlng 

Roll  bonding  Dogjotto  follonod  22,000  pol 
by  adro  bruohlng 

Roll  bonding  Dogroato  follonod  4,2?0  pol 
nlro  bruohlng 

Roll  bonding  Dagroatt  follonod  1,800  pal 
1^  nlro  bruohlng 

Roll  bonding  Dogroato  follonod  1,600  pal 
^  nlio  bruohlng 

Roll  bonding  Dogroato  follonod  10,000  pal 
by  nlro  bruohlng 

Roll  bonding  Dogroato  follonod  18,000  pol 
^  nlro  bruohlng 

Haalophoro  Argon  Ion  boid>ard-  Sticking 
on  flat  aont  oboorvod 


1 

Vildymoth,  ot  el 
(1939) 

1 

Vtldyinith,  ot  el 
(1939) 

•0. 

1 

Veldycneth,  ot  el 
(1939) 

•" 

0.9 

Veldyineth,  ot  el 
(1939) 

1.0 

Veldyeneth,  et  el 
(1939) 

— 

0.3 

Nleholee  end  Nllnor 
(1961) 

0.3 

Nleholee  end  Nllnor 
(1961) 

0.3 

Nleholee  end  Nllnor 
( 1961) 

— 

0.3 

Nleholee  end  Nllnor 

— 

(1961) 

MoBnan  and  Nllnor  — 

(1962) 

NoBnan  and  Nllnor  — 

(1962) 

NoBnan  and  Nllnor  — 

(1962)- 

NcSnan  and  Nllnor  ~ 

MoBnon  and  Nllnor  Inoolublo  pair 
(1962) 

NoBnan  and  Nllnor  Inoolublo  pair 
(1962) 

NoBnan  and  Nllnor  Inoolublo  pair 
(1963) 

NoBnan  and  Nllnor  Inoolublo  pair 
(1962) 

NoBnan  and  Nllnor  Inoolublo  pair 
(1962) 

Kollar  (1964)  Solublo  pair 


A?gon  Ion  boaberd- 

■ent 

sticking 

oboorvod 

Keller  ( 1964) 

Solubla  pair 

Argon  Ion  booibeid- 
■ent 

Sticking 

obeerved 

Keller  (1964) 

Solubla  pair 

Argon  ion  booberd- 

■ent 

Sticking 

obeerved 

Keller  (1964) 

Solubla  pair 

Argon  Ion  boaberdO 

No  etlcklng 

Keller  (1964) 

Inaolubla  oair 

aant 

Argon  ion  boa^ard- 

No  sticking 

Keller  (1964) 

Inaolubla  pair 

aent 

Argon  Ion  boaberd- 

No  .ticking 

Keller  (1964) 

Inaolubla  oa  ir 

aent 

Argon  ion  boad>ard* 

No  etlcklng 

Keller  (1964) 

Inaolubla  pair 

■ant 

Nona 

0.65 

Hea  ( 1963) 

Uaad  a  notehad 
tanaila  apae 

Nona 

0.29 

Hob  ( 1963) 

Uaad  a  notehad 
tanaila  tpac 

Nona 

0.07 

Hea  ( 1963) 

Uaad  a  notehad 
tanaila  apac 

Nona 

1.0 

Hea  ( 1963) 

Uaad  a  notehad 
tanaila  apac 

Nona 

0.92 

Hea  ( 1963) 

Uaad  a  notehad 
tanaila  apac 

Filad  by  hand 

5.0  to  7.0 

Slkoreki  ( 1964) 

MaxiBum  coaffl> 

proaood  and 

to  and  and 
rotatod  180° 
undar  load, 
pul lad  In 
tonolon 

1/4  In.  dl-  Filed  by  hand 
onotar  rodo 
proaood  and 

to  and  and 
rotatod  180° 
undor  load, 
pullad  In 
tonolon 

1/4  In.  dl-  Filed  by  hand 
aaatar  rode 
proaood  and 

to  and  and 
rotated  180° 
undar  load, 
pullod  in 
tonolon 


adhoolon 
■atourod  In 
ropoot  toato 


Slkortkl  (1964) 


Slkorokl  (1964) 


10 


1 


I 

.u. 


*r^' 

-  -v 

■■"  ,v 


TMUa.  (eontlmMd) 


■Miilna  PltCWN 
MaMrial  w  Porwiit  Nm* 
««■  «i« 


•■n  mtlM  ao  te  UNO  p«l 
MOWt  Vll 

(M  Ol 


Ch«* 


Ou  Cu  (toft) 
Ckt-CU  (toft) 
CU-Cu  ( lof t) 
Ou-Cg  (hw4) 


101«  ttool- 
1016  itool 

440C-MOC 


Puro  Al-Purt 
A1  (toft) 

QiBo-GUBo 

Tl-Tl 

Ou-Tl 

CU-Al 

Ql-GUBt 

Cu-1016  itool 

au-4140  ttool 

CU-440C 

e061Al-«061Al 

(hard) 

3024Al-aoa4Al 

(hold) 

Au-Au  (toft) 
Au-Au  ( toft) 


no  to  1000  pti 

aoo  to  uoo  pti 

Mtoao  pti 
30,000  pti 
30.000  pti 
30,000  pti 
33,000  pti 
33,000  pti 
30.000  pti 
33.000  pti 
92,000  pti 
33,000  pti 
33,000  pti 
48,000  pti 
44,000  pil 
71,000  pti 
83,000  pti 
15,000  pti 
19.000  pti 
27,000  pti 
24,000  pti 


T— ■HUlTT  - * 


CMfflcltnt 
of  Adhttlon 
w  l«nd 

«to«Mth  InMttlattM 


(■1*) 


1  atattphan 

(iltr 


1  atMtphan 

(altr 


m 


HI 


3-6  X  10“* 
ton 

3-6  X  10"* 
ton 

3-6  X  10-» 
ton 

3-6  X  10^ 
ton 

4  X  10"* 
ton 

4  X  W* 
ton 

4  X  10"* 
ton 

4  X  10** 
ton 

4  X  10-* 
ton 

4  X  10-* 
ton 

4  X  10"* 
ton 

4  X  10-* 
ton 

4  X  10"9 
ton 

4  X  10"* 
ton 

4  X  10-9 
ton 

4  X  10"* 
ton 

4  X  10"* 
ton 

4  X  10"* 
9orr 

4  X  lO-’ 
ton 


la  c 
1»  c 
100  c 
100  c 
1»  c 
la  c 
la  c 
la  c 

la  c 

la  c 

IX  c 

IX  c 

la  c 
la  c 
la  c 
la  c 

U9  c 
la  c 

la  c 


1/4  in.  dl-  Plltd  by  hand 
tnatot  xodt 
pnaaad  and 
to  and  and 
totatod  la* 
undar  load, 
pullad  In 
tonalm 

1/4  In.  dl-  Plltd  by  hand 
aaataa  ladt 
piaattd  and 

to  and  and 
totatod  in* 
laidat  load, 
pullad  In 
tonalon 

1/4  in.  dl-  Plltd  by  hand 
atatot  rodt 
ptaaatd  and 
to  «nd  and 
totatod  in* 
undat  load, 
pullad  in 


0.03  to  0.39  Slkottkl  (1964)  All  tto  HOP 
f  otruotuto 


3  to  4  Slkotakl  (1964) 


Goaptaatlon 
of  otoitad 
tnvllt 
Goaptaatlon 
of  otottad 
tnvllt 
Coaptattlon 
of  otottad 
anvllt 
Coaptattlon 
of  otottad 
anvllt 
Coaptattlon 
of  otottad 
tnvllt 
Coaptattlon 
of  otottad 
tnvllt 
Coaproailon 
of  otottad 
tnvllt 
Coaptattlon 
of  otottad 
anvllt 
Coaptattlon 
of  ctotood 
tnvllt 
Coaptattlon 
of  ctotood 
tnvllt 
Coaptattlon 
of  ctotood 
tnvllt 
Coaptattlon 
of  ctotood 
tnvllt 
Coaptattlon 
of  ctotood 
tnvllt 
Coaptattlon 
of  ctotood 
tnvllt 
Coaptattlon 
of  otottad 
tnvllt 
Ceaptattlnn 
of  ctotood 
tnvllt 
Coaptattlon 
of  ctoaoad 
tnvllt 
Coaptattlon 
of  otottad 
anvllt 
Coaptattlon 
of  ciotoad 
tnvllt 


Nona 


■lia  btuthtd  In 
vtouuB  1/2  aln 

■lia  btuthtd  In 
vtcuua  9  Bln 

Nlrt  btuthtd  In 
vtcuua  3  Bin 

alto  btuthad  In 
VtOUUB  3  Bin 

alto  btuthtd  In 
vtcuua  3  Bln 

aitt  btuthtd  In 
vtcuua  3  aln 

airt  btuthad  In 
vtcuua  3  Bin 

alia  btuthad  In 
vtcuua  3  aln 

alto  btuthad  In 
vtcuua  3  aln 

aitt  btuthad  In 
vtcuua  3  aln 

aitt  btuthad  In 
vtcuua  3  aln 

aitt  btuthad  In 
vtcuua  2  Bin 

airo  bxuthod  In 
vtcuua  2  Bin 

am  btuthad  In 
vtcuua  2  aln 

am  btuthad  In 
vtcuua  2  aln 

am  btuthad  In 
vtcuua  2  Bin 


No  clatnlnp 


alia  btuthad  In 
vteuuB  l/2  aln 


O.V  Slkottkl  (1964) 


0  Notional  Rototrch  Unpubllthod 

Cotp.  data 

0.12  National  Raaaatoh  Unpubllthod 

Cotp  data 

0.45  National  Raaoareh  Unpubllthod 

Cotp  data 

0.129  Notional  Rataarch  Unpubllthod 

Cotp  data 

0  National  Rataateh  Unpubllthod 

Cotp  data 

0  National  Rattatch  Urpubllibtd 

Cotp  data 

0.16  National  Raaaatoh  Unpubllthod 

Cotp  data 

0  National  Rattatch  Unpubllthod 

Cotp  data 

0  National  Rataarch  Unpubllthod 

Cotp  data 

0.04  National  Rattatch  Unpubllthod 

Cotp  data 

0.40  National  Rataarch  Unpubllthod 

Cotp  data 

O.X  National  Ratottch  Unpubllthod 

Cotp  data 

0.19  National  Rattatch  Unpubllthod 

Cotp  data 

0.02  National  Ratottch  Unpubllthod 

Cotp  data 

0.02  National  Rotoateh  Unpubllthod 

Cotp  data 

0.02  National  Rataarch  Unpubllthod 

Cotp  data 

)  -  0.03  National  Rotoateh  Unpubllthod 

Cotp  data 

0  National  Ratottch  Unpubllthod 

Cotp  data 

0.17  National  Rotoateh  Unpubllthod 

Cotp  data 


^  3t6 


£ 

1 1 


Stit6 

!  II 


8  0.4 


Appll««l  gtr>»» 
,  Tie 14  Stress 


160*C 


AVERAGE  YIELD  8TRSNGTR  (10^  PSD 


VARIOUS  SAMPLE 


tCIEMT  AS  A  FUN 
MATERIALSV'I) 


TABLE  3. 


OF  FRICTIONV 


static  Breakaway, (*)  after  300-hr  soak 

Dynamic  Coefficient, (*)  may^mum  value 

11-6A1-4V  titanium 

0.46 

Cobalt 

1.43 

Bery 1 1 lum-copper 

0.81 

Ti-6A1-4V  titanium 

1.59 

321  Stainless  steel 

0.86 

Beiyl  1  lum-copper 

2.36 

Rene  41 

0.86 

2014-T6  aluminum 

2.52 

'’IPH 

Cobalt 

0,89 

321  Stainless  steel 

2.53 

Coin  silver 

0.92 

E52100  steel 

2.86 

Copper 

1.03 

Coin  silver 

3.40 

E52100  steel 

1.06 

Ren4  41 

3.63 

2C14-T6  aluminum 

1.21 

Copper 

3.80 

h 

(a)  Average  values  from  metal  combinations  of 

specified  metal  with  itself 

and  the  eight  other  metals. 

Notei  This  table  Is  based  only  on  the  average  coefficients  of  friction  under  the  one  set  of  parameters! 
controlled  surface  finish  and  flatness,  specimen  temperature  200  C,  contact  pressure  1,000  psl, 
chamber  pressure  less  than  5  x  10~^  torr,  and  rotational  velocity  of  0.4  In.  sec  for  the  dynamic 
tests. 
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dccreued  tlcaifleantly.  lDaic*tiiip  lo*3  of  contact  between  teat  avrfacea, 


PELLETS  ON  PLATE  a4  M /SEC  VELOCITY  1000  P  S  I  LOAD  EOO*  C  COEFFICIENTS  OF  FRICTION  ULTRA- Him  VNCUUM 


FIGURE  13.  TABUUTION  OF  CXIEFFICIEKTS  OF  FRICTION  FOR  ALL  METAL  COMBINATIONS 


■''t 


-msirn^  K  Twi'i' 


I 


14 

mchanlcal  atrangth  of  tha  matala  and  tha  load  and 
Intanalty  of  aalzlng.  (ThU  conflicts  with  tha 
conclusion  raachad  by  Midwast  Invastlgators)  The 
aiutusl  solubility  of  metals  had  no  affect  on  the 
Initiation  and  development  of  tha  process  of  seizing. 
(This  agrees  with  NRC  results)  For  example,  Iron- 
chromlum.  Iron-aluminum,  and  Iron-tltanlum  pairs 
(the  room- temperature  solubility  of  chromium,  alu¬ 
minum,  and  titanium  In  Iron  Is  100,  32,  and  3  percent, 
respectively),  experienced  seizing  with  friction. 

No  seizing  was  observed  In  Iron-antlmony  and  Iron- 
zlrconlum  pairs,  although  both  metals  are  soluble  In 
Iron  (antlaiony  7  percent,  zirconium  0.15  percent). 
Iron-scandluai  and  Iron-magneslum  pairs  experienced 
no  seizing.  Neither  scandium  nor  magnesium  are 
soluble  In  Iron.  Two  other  pairs  with  mutually  In¬ 
soluble  components,  Iron-silver  and  copper-molybdenum, 
experienced  partial  seizing.  The  difference  In 
crystal  lattice  structure  also  had  no  effect  on 
seizing.  Only  differences  In  atomic  diameters  were 
found  to  have  considerable  effect.  Intensive  seizing 
was  observed  betsreen  metals  with  atomic  diameters 
differing  by  15-18  percent,  but  no  seizing  occurred 
when  the  difference  was  larger. 


Keller  and  his  co-investigators  at  Syracuse 
University  have  been  studying  the  fundamental  asoects 
of  metal-metal  adhesion  for  a  number  of  years.! ^^“12) 
They  have  been  concerned  with  the  broad  basic  con¬ 
cepts  such  as  the  crystallographic  orientation  of 
contacting  pure  metals.  Much  of  their  research  is 
directed  toward  the  confirmation  of  the  theoretical 
concepts  developed.  The  practical  data  are  presen¬ 
ted  In  Table  4. 

There  are,  In  both  the  open  literature  and 
Government  reports,  numerous  publications  that  cover 
the  fundamentals  of  adhesion  and  cohesion  of  metals, 
as  studied  by  Bowden  and  others.  Data  from  these 
studies  will  not  be  Included  here  because  they  are 
not  of  direct  value  to  the  designer  who  requires 
engineering  data  on  standard  materials  of  construc¬ 
tion.  It  does  seem  appropriate,  however,  to  include 
some  coverage  of  earlier  work  that  is  relevant  to 
space  cold-welding  problems.  A  short  review  of  this 
early  work  was  made  by  Midwest  Research  Institute  In¬ 
vestigators.  The  following  paragraphs  were  taken 
from  their  report. (S) 

"The  friction  of  clean  surfaces  was  studied 
by  Bowden  and  Hughes  in  1939,(13)  at  pressures  of 
10“6  torr;  the  adsorbed  film  of  oxygen  and  other 
contaminants  were  removed  from  the  test  surfaces  by 
ion  bombardment.  Immediately  upon  cooling,  the 
coefficient  of  friction  for  nickel  on  tungsten  and 
copper  on  copper  were  between  4.5  and  6.  When  a 
trace  of  oxygen  was  admitted  the  coefficient  dropped 
to  1  or  less,  while  pure  hydrogen  or  pure  nitrogen 
had  little  effect  on  the  friction  of  clean  metal 
surfaces.  Bowden  and  Young(  14)  subsequently  conduc¬ 
ted  the  same  experiment  but  with  improvements  so  that 
the  slider  could  be  dragged  along  the  fixed  surface 
and  with  higher  loads,  about  15  grams  instead  of 
less  than  1  gram.  Degassing  and  surface  cleaning 
was  accomplished  by  heating  in  vacuum  to  1000  C  by 
induction.  Their  results  confirmed  the  earlier 
work.  They  support  the  view  that  surface  oxides 


TABLE  4.  SUMMARY  OF  INVESTIGATIONS  BY  KELLER 


Materials  Iron-aluminum 

Silver-copper 
Nickel-copper 
Nickel-molybdenum 
Copper-mo ly bdenum 
S i 1 ve  r-mo ly bdenum 
Silver-iron 
Silver-nickel 
Germanium-germanium 

Vacuum  Range  2  x  ID'H  torr 

Temperature  Range  Room  temperature 

Load  Range  Very  small 

Adhered  or  Cohered  Iron-aluminum 
Pairs  Silver-copper 

Nickel-copper 
N icke 1-mo lybdenum 

Nonadhered  or  Copper-molybdenum 

Noncohered  Pairs  Silver-molybdenum 
Silver-iron 
Silver-nickel 

Iron-germanium-iron  (  10“®torr) 

Comments  Specimens  cleaned  by  vacuum  ex¬ 

posure  and  argon  ion  bombard¬ 
ment.  Numerical  data  not 
given . 


and  other  contaminants  prevent  the  formation  of 
metallic  junctions  at  the  interface  which  would 
occur  with  clean  surfaces  because  of  cold  welding. 
Bowden  and  Rowe( ^^)  in  the  same  general  type  of 
investigation  measured  adhesion  forces  in  addition 
to  frictional  forces.  They  were  concerned  with  the 
adhesion  between  hard  metal  surfaces  cleaned  by 
heating  at  pressures  of  10~6  torr,  and  later,  10"8 
torr.  The  hard  metals  had  low  adhesion  values  even 
for  clean  surfaces;  the  low  values  were  attributed 
to  the  plastic  recovery  of  these  surfaces  upon 
removal  of  the  load  as  had  been  earlier  reported. 
Contamination  was  found  not  to  be  an  important 
factor  in  adhesion  for  pure  normal  loading. 

However,  adhesion  was  increased  significantly  if  a 
tangential  load  was  applied  to  cause  a  growth  of 
the  real  contact  area;  contamination  became  a  large 
factor  in  this  latter  case.  When  the  metals  were 
heated  in  vacuum  to  temperatures  high  enough  to 
anneal  the  asperities  of  the  surfaces,  very  large 
adhesions  were  recorded  for  pure  normal  loading." 

"Theoretical  and  experimental  studies  of 
mechanisms  of  metallic  friction,  friction  and 
surface  damage  of  sliding  metals,  area  of  contact 
between  solids,  effects  of  contaminant  films  on 
friction  of  clean  surfaces  and  other  related  topics 
prior  to  1953  were  described  by  Bowden  and  Tabor;!  ^^) 
a  continuation  of  various  investigations,  to  1963 
was  given  in  their  subsequent  volume.!^''  Much  of 
their  discussion  is  pertinent  to  cold  welding 
studies." 
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"The  works  of  Anderson, ( T8~20)  was  largely 
Intended  to  experimentally  test  the  adhesion  theory 
of  friction  both  by  Bowden  and  Brown,  and  to  develop 
methods  for  thermal  compression  bonds  of  wire  leads 
to  brittle  metals.  They  showed  the  effects  of  shear 
strains  in  the  structure  of  metal  surfaces  and  sub¬ 
strates  after  adhesion.  These  shear  strains  are 
generally  necessary  for  adhesions  as  they  are  very 
effective  in  removing  surface  oxides i  they  roughen 
the  surface,  increase  the  amount  of  atomic  contact, 
and  produce  a  work-hardened  zone  near  the  common 
interface,  all  of  which  increase  the  adhesion 
strength  of  the  joint." 

"The  investigations  of  Burton,  Russel, 
and  Ku(21)  were  concerned  with  static  dynamic 
coefficients  of  friction  of  metal  surfaces  cleaned 
by  hydrogen  bake-out  and  other  means  at  temperatures 
of  -250  to  25  C.  A  spherical  radius  was  rubbed 
on  internal  surfaces  of  a  cylinder  in  a  helium  at¬ 
mosphere.  The  coefficients  had  virtually  no  change 
throughput  the  temperature  range.  Later,  the  same 
authors!  22)  studied  friction  of  lead-plated  tool 
steels  and  effects  of  oxide  coatings  on  copper  under 
the  same  conditions.  Burton,  Brown,  and  Kur23,24) 
conducted  friction  and  wear  characteristics  of 
oscillating,  plain  Journal,  and  self-aligning 
bearings  over  the  range  -90  to  1750  F  at  pressures 
ranging  from  10~6  to  10“^  torr.  They  studied  cer¬ 
mets  and  high-temperature  metal  alloys  with  the 
test  surfaces  subjected  to  rotating  motion  under 
normal  loading  from  1500  to  15,000  psi  and  at  tem¬ 
peratures  up  to  2000  F.  The  tendency  toward  ad¬ 
hesion,  gross  seizure,  and  severe  surface  roughening 
was  much  less  for  the  cermets  than  for  the  metal 
alloys." 

DISCUSSION 

The  available  literature  on  that  portion 
of  space-environmental  technology  concerned  with 
the  welding  of  metals  used  for  construction  of  space 
hardware  is  summarized  here.  It  is  apparent  that 
practical  information  that  is  concerned  with  these 
materials  is  not  plentiful.  The  reasons  for  this 
seem  to  be  numerous. 

A  very  large  portion  of  the  research  con¬ 
ducted  so  far  has  been  directed  toward  learning  the 
fundamentals  involved.  As  a  result,  there  appears 
to  be  a  good  understanding  of  the  fundamentals  such 
as  surface  conditions,  temperature,  and  physical 
properties.  This  basic  information  now  needs  to  be 
applied  to  those  alloys  that  are  useful  to  the 
designer. 

Investigations  are  all  influenced  by  the 
mechanics  of  simulating  space  environments  and  in 
maintaining  them  for  significant  lengths  of  time. 
Much  progress  has  been  made  in  this  area;  it  may  be 
time  for  those  interested  to  consider  standardiza¬ 
tion  of  both  the  methods  of  space  simulation  and 
test  specimens.  Programs  in  progress  will  assist  in 
the  choice  of  the  most  useful  methods  through  com¬ 
parison  with  actual  in-space  studies. 

Solution  of  the  problems  of  lubrication  of 
moving  parts  in  a  space  environment  has  taken  pre¬ 
cedence  over  direct  studies  concerned  with  adhesion 
and  cohesion.  This  is  justifiable  because  of  the 
urgency  of  the  problem,  but  it  has  led  to  great 
interest  in  the  prevention  of  welding,  while  the  use 
of  welding  as  a  method  of  assembly  has  been  of 
secondary  interest. 
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There  is  a  lot  to  be  learned  about  the 
space-welding  phenomenon  and  how  it  varies  with 
materials,  environmental  conditions,  time,  tempera¬ 
ture,  etc.  Until  such  information  becomes  avail¬ 
able,  more  will  be  learned  from  actual  space  flights 
than  from  ground-based  simulations.  There  is  little 
doubt,  however,  that  with  careful  consideration  of 
the  designs,  probable  events  during  flight,  and 
utilization  of  knowledge  now  available,  satisfactory 
operation  can  often  be  predicted.  A  good  example  of 
this  was  recently  reported.! 25)  a  gold-plated  an¬ 
tenna  on  a  research  satellite  was  coiled  in  a  re¬ 
taining  cup  during  launch.  Vibration  occurred 
during  the  prelaunch  stage,  which  caused  cold  weld¬ 
ing  in  the  wear-cleaned  areas  after  the  device  was 
in  space.  Subsequently,  the  welds  were  progressive¬ 
ly  broken  due  to  thermal  shock  as  the  device  orbited 
in  and  out  of  cold  and  hot  areas.  The  result  was 
that  the  antenna,  which  did  not  work  well  when 
placed  in  orbit,  slowly  improved  over  a  period  of 
several  weeks  -  as  the  weld  broke  the  antenna 
extended  as  intended.  This  explanation  of  the 
events  was  made  by  deduction,  but  the  data  were 
later  verified  in  the  laboratory.  Utilization  cf 
existing  data  could  have  prevented  the  difficulty 
if  the  vibration  had  been  anticipated. 

The  literature  reviewed,  the  volume  of 
work  referenced  in  them,  and  the  variety  of  material 
covered  by  the  admittedly  incomplete  annotated  bib¬ 
liography  appended  show  a  need  for  comprehensive 
collection  and  correlation  of  space-welding  litera¬ 
ture.  At  least  two  organizations  are  working  to 
accomplish  this  need.  The  ASTM  recently  organized 
Subcommittee  6  of  the  Materials  Section  VI,  ASTM 
Committee  E21  to  be  concerned  with  adhesion  of  ma¬ 
terials  in  the  space  environment.  They  will  collect 
and  correlate  significant  data  produced  by  various 
investigators  in  the  field.  A  task  was  recently 
initiated  at  Battelle  Memorial  Institute  by  the 
Redstone  Scientific  Information  Center  to  examine 
the  state  of  the  art  on  cold  welding  of  electrical 
connections  in  space.  Battelle  will  cover  all  avail¬ 
able  information  at  least  as  far  back  as  1960.  Both 
metliods  of  accomplishing  and  preventing  welding  of 
selected  metal  surfaces  in  high  and  ultrahigh  vaccum 
( 10~“  torr  to  10”^3  torr  or  better)  will  be  included 
in  their  report. 

REFERENCES 

(1)  Brueschke,  E.  E.,  and  Suess,  R.  H.,  "Seizure 
of  Metallic  Surfaces  in  Ultrahigh  Vacuum", 
Technical  Memorandum  TM-685,  Hughes  Aircraft 
Company,  Culver  City,  California,  (July  15, 

1961) . 

(2)  Winslow,  P.  M.,  Horwitz,  D.,  and  McIntyre, 

D.  V,,  "Study  of  Adhesion  and  Cohesion  in 
Vacuum",  Summary  Report  P64-62,  Hughes  Air¬ 
craft  Company,  Culver  City,  California  under 
USAEC  Contract  NAS8-11066  (July  20,  1964). 

(3)  Winslow,  P.  M.,  and  McIntyre,  D.  V.,  "Study 
of  Adhesion  and  Cohesion  in  Vacuum" ,  Final 
Report  P65-94,  Hughes  Aircraft  Company,  Culver 
City,  California  under  NASA  Contract  NAS8- 
11066  (August  20,  1965). 

(4)  Giaramanco,  R.  P.,  and  Hordon,  M.  J.,  "Adhesion 
and  Cold  Welding" ,  National  Research  Corpora¬ 
tion,  Cambridge,  Massachusetts  (December  1, 

1965) . 


“nnrmanwwiMniipgt 


(5)  Hain»  J.  L«i  "Inv*ttlQ«tlon  of  Adhction  and 
Cohasion  of  Metals  in  Ulti'ahlgh  Vacuum"  •  Flrat 
Annual  Sunnary  Report,  National  Research  Corp¬ 
oration,  Cambridge,  Massachusetts  under  NASA 
Contract  NASr-48  (September  7,  1962). 

(6)  Ham,  J.  L.,  "Investigation  of  Adhesion  and  Co¬ 
hesion  of  Metals  in  Ultrahigh  Vacuum",  Final 
Report,  National  Research  Corporation,  Cam¬ 
bridge,  Massachusetts  under  NASA  Contract 
NAS«e-734  (November  27,  1963). 

(7)  Brock,  F.  J.,  Fasolino,  L.  G.,  and  Hordon, 

M,  J.,  "Study  of  Vacuum  Welding",  Report 
AFRPL'-TR-65-175,  National  Research  Corpora¬ 
tion,  Cambridge,  Massachusetts  under  Air 
Force  Contract  AF  04(611)-9717  (August,  1965). 

(8)  Moeller,  C.  E.,  Bossert,  J.,  and  Noland,  M., 
"Cold  MolecuUr  Welding  Stu^  in  Ultrahigh 
Vacuunf*,  Final  Report,  Midwest  Research  Insti¬ 
tute,  Kansas  City,  Missouri  under  NASA 
Contract  NAS9-3623  (December,  1965). 

(9)  Golego,  N.  L  ,  "Formation  of  Joints  Between 
Metals  in  a  High  Vacuum" ,  Welding  Production 
( USSR) .  S  (3),  18-20  (March,  1965). 

(10)  Keller,  D.  V.,  "Adhesion  Between  Atomatlcally 
Pure  Metallic  Surfaces,  Part  III",  Annual 
Report,  Syracuse  University  Research  Institute, 
Syracuse,  New  York,  Grant  NsG-483  (July,  1964). 

(11)  Keller,  D.  V.,  "Adhesion  Between  Atomatlcally 
Clean  Metallic  Surfaces",  Final  Report,  Syra¬ 
cuse  University  Research  Institute,  Syracuse, 
New  York,  Grant  NsG-159-61  (July  1,  1962). 

(12)  Keller,  D.  V.,  "Adhesion  Between  Atomatlcally 
Clean  Metallic  Surfaces",  Semi-Annual  Report, 
Syracuse  University  Research  Institute,  Syra¬ 
cuse  University  Research  Institute,  Syracuse, 
New  York,  Grant  NSG-483,  Supp.  1,  (March, 

1965) . 

(13)  Bowden,  F.  P.,  and  Hughes,  T.  P.,  'Friction  of 
Clean  Metals  and  the  Influence  of  Adsorbed 
Gases  -  The  Temperature  Coefficient  of  Fric¬ 
tion",  Proc.  Roy.  Soc.,  A172.  pp  263-279 

( 1939) . 

(14)  Bowden,  F.  P.,  and  Young,  J.  E.,  "Friction  of 
Clean  Metals  and  the  Influence  of  Adsorbed 
Films",  Proc.  Roy.  Soc.,  A208,  pp  311-325 

( 1951) . 


16 

(15)  Bowden,  F.  P.,  and  Rowe,  G.  W.,  "The  Adhesion 
of  Clean  Metals",  Proc.  Roy.  Soc.,  A233  pp 
429-442  ( 1956) . 

(16)  Bowden,  F.  P.,  and  Tabor,  "The  Friction  and 
Lubrication  of  Solids,  Part  I",  Clarendon 
Press,  Oxford  (1964). 

(17)  Bowden,  F.  P.,  and  Tabor,  D.,  "The  Friction 
and  Lubrication  of  Solids,  Part  II",  Clarendon 
Press,  Oxford  (1964). 

(18)  Anderson,  0.  L.,  "Adhesion  of  Solidst  Princi¬ 
ples  and  Applications",  Bell  Laboratories 
Record  (November.  1957). 

(19)  Anderson,  0.  L.,  "Laws  of  Adhesion",  J.  ApdI. 
Phvs..  (4),  593-594  (April,  1959). 

(20)  Anderson,  0.  L.,  "The  Role  of  Surface  Shear 
Strains  in  the  Adhesion  of  Metals" ,  Part  I , 
JSSai,  2,  pp  253-273  (1960). 

(21)  Burton,  R.  A.,  Russell,  J.  A.,  and  Ku,  P.  M., 
"Metallic  Friction  at  Cryogenic  Temperatures", 

5,  PP  60-68  (  1962) . 

(22)  Burton,  R.  A.,  Russell,  J.  A.,  and  Ku,  P.  M., 
"Friction  and  Wear  Characteristics  of  a  Lead- 
Plated  Tool  Steel  at  Cryogenic  Temperatures", 
presented  at  2nd  Aerospace  Finishing  Sym., 

Am.  Electroplaters'  Soc.,  Kansas  City,  Missouri 
(January  19,  1963). 

(23)  Burton,  R.  A.,  Brown,  R.  0.,  and  Ku,  P.  M., 
"Friction  and  Wear  Characteristics  of  Cermets 
at  High  Temperature  and  High  Vacuum" ,  ASLE 
Trans. .  2,  pp  24-31  ( 1962) . 

(24)  Burton,  R.  A.,  Brown,  R.  D.,  and  Ku,  P.  M., 
"Evaluation  of  Oscillating  Bearings  for  High 
Temperature  and  High  Vacuum  Operation" ,  ASLE 
Trans. .  PP  12-19  ( 1963) . 

(25)  Stambler,  I.,  "Surface  Effects  in  Space", 

Space/ Aeronautics .  pp  95-101  (February,  1966). 

(26)  Winslow,  P.  M.,  and  McIntyre,  D.  V.,  "Adhesion 
of  Metals  in  the  Space  Environment",  Seventh 
Structures  and  Materials  Conference,  AIAA/ASME, 
Cocoa  Beach,  Florida  (April  18-20,  1966). 
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1.  Schneiderman,  r.,  "Metalworking  News",  p  28 
(May  2,  1966). 

Announcement  of  the  renewal  of  a  contract 
for  "Cold-Welding  Studies"  at  The  Franklin  Insti¬ 
tute,  Philadelphia,  Pennsylvania.  Sponsored  by 
the  Office  of  Naval  Research  under  Contract  No. 
Nonr-4825{00) .  One  report  has  been  written  in 
past  work.  The  new  program  is  to  study  and  ana¬ 
lyze  atomic  bonding  phenomena  and  the  properties 
of  clean  surfaces.  Dr.  Hans  Conrad  is  the  chief 
investigator. 

2.  Judge,  J.  F.,  "Cold  Welding  Promises  Means  to 
Bond  Dissimilar  Metals",  Missiles  and  Rockets. 

18  (14)  24  (April  4,  1966) . 


Short,  one-page  summarization  of  past  work 
at  the  National  Research  Corporation,  Cambridge, 
Massachusetts. 

3.  McWlthey,  R.  R.,  and  Hayduk,  R  J.,  "Damping 
Characteristics  of  Built-Up  Cantilever  Beams  in 
Vacuum  Environment" ,  Technical  Note  NASA  TM  D- 
3065,  Langley  Research  Center,  Langley  Station, 
Hampton,  Virginia  (November,  1965). 

The  amount  of  structural  damping  present  in 
a  built-up  structure  may  be  significantly  altered 
if  the  environmental  conditions  to  which  the 
structure  is  subjected  allows  the  phenomenon 
of  cold  welding  to  occur.  Damping  measurements 
were  made  on  solid  and  built-up  cantilever  beams 
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In  a  vacuum  environment  to  determine  the  effects 
of  structural  damping.  The  changes  from  damping 
characteristics  were  noted  for  various  values  of 
clamping  pressure  between  beam  laminates  for  the 
case  of  the  built-up  beams.  Results  Indicated 
no  significant  changes  In  structural  damping 
characteristlcst  as  a  result  of  exposure  to 
pressure  as  low  as  1  x  lO'^  torr. 

4.  "ERS  Valve  Certification  Tesf'i  Technical  Report 
No.  AFRPL-TR-65-84 ,  Air  Force  Rocket  Propulsion 
Laboratoryt  Edwards  Air  Force  Base,  California, 
(April,  196S). 

Short  report  on  studies  made  to  determine 
the  type  of  valve  which  will  be  used  during  an 
in-space  Investigation  of  cold  welding  of  metal¬ 
lic  interfaces.  Small  solenoid  valves  are  to  be 
used  to  provide  these  interfaces  at  the  seat/ 
poppet  contact  surface. 

5.  Jamison,  W.  E. ,  "Feasibility  Study  of  Techniques 
to  Protect  Mechanisms  Operating  in  Space  from 
Malfunction*' ,  Technical  Summary  Report  K-6055  IIT 
Research  Institute,  Chicago,  Illinois,  (January, 
1965) . 

A  thesis  is  developed  that  abandons  the 
classical  friction  interface  for  a  new  interface 
which  is  considered  a  volume  which.  In  the  Ideal 
case,  would  contain  a  plane  of  zero  shear 
strength.  Consequently,  current  lubrication 
practices  show  little  promise  of  meeting  the 
anti-friction  requirements  for  space  applica¬ 
tions. 

The  solution  is  the  development  of  new  ma¬ 
terials  and  surfaces  for  the  modification  of  old 
ones  to  provide  the  needed  interfacial  condi¬ 
tions.  Recommendations  are  made  on  how  to  accom¬ 
plish  this  and  some  experimental  work  directed 
toward  that  end  is  covered. 

6.  "Octahetral  Research  Satellite-Mark  II  for  Cold- 
Welding  Experiments" ,  Quarterly  Progress  Report 
No.  4,  TRW  Space  Technology  Laboratories,  Redondo 
Beach,  California,  Contract  AF  04(611)-9883 

(May  31,  1965). 

This  report  covers  the  progress  toward  the 
development,  fabrication,  and  delivery  of  a 
satellite  for  in-space  experimentation.  The 
basic  experimental  objective  is  to  study  the 
phenomena  of  cold  welding  as  it  applies  to  ma¬ 
terials  in  valves  of  propulsion  systems.  The 
satellite  system  is  designed  for  a  sub-satellite 
launch  operation  where  the  satellite  is  carried 
as  an  auxilliary  pay  load  on  board  a  primary 
mission. 

7.  Bryant,  E.  J.,  Gosselin,  C.  M.,  and  Longley, 

W.  W.,  "Extreme  Vacuum  Technology  Developments”, 
Contractor  Report,  NASA  CR-324,  Midwest  Research 
Institute,  Kansas  City,  Missouri,  Contract  NASr- 
63(06)  (November,  1965). 

Several  phases  relating  to  the  attainment, 
measurement,  and  application  of  ultra-high  vacu¬ 
um  environments  are  reported.  The  phases  covered 
arei  development  of  a  dual-expansion  nozzle  for 
vapor-jet  studies;  determination  of  the  gases 
present  in  UHV  systems  with  oil  diffusion  and 
getter-ion  pumping;  measurements  and  theory  on 
cryopanel  operation;  establishment  of  cold¬ 
welding  criteria;  and  determination  of  response 
characteristics  for  extreme  high-vacuum  gages 
and  field  emission  microscopes.  The  lack  of 
cold  welding  with  touch  contact  of  structural 
materials  and  the  accomplishment  of  cold  welding 
with  vibrational  contacts  is  discussed. 


8.  Kellogg,  L.  G.,  "Develcpments  in  Hign-Temperature , 
Ultrahigh-Vacuum  Friction  Studies” ,  Lubrication 
Engineer,  22  (2)  57-66  (February,  1966). 

Experimental  studies  were  conductt'd  to  de¬ 
termine  what  materials  could  be  used  to  provide 
bearing  compatibility  on  nuclear  reactors  in 
spaca.  Screening  tests  were  conducted  or.  67 
material  pairs  in  sliding  couples  at  ultrohigh 
vacuum.  The  friction  couples  were  categorized 
into  7  groups;  metal  versus  metal,  metal  versus 
metal  with  brine  lubricants,  metal  versus  carbon, 
ceramic  versus  ceramic,  ceramic  versus  ceramic 
with  brine  lubricants,  metal  versus  ceramic,  end 
ceramic  versus  carbon.  Special  tests  were  con¬ 
ducted  using  contaminant  films  with  all  groups. 

Data  are  presented  to  illustrate  the  effects 
of  vacuum  on  sliding  friction  and  the  effects  of 
vacuum  on  surface  film  formation.  Results  Indi¬ 
cated  that  carbon-graphites  and  sodium-silicate 
bonded  brine-film  lubricants  provide  relatively 
low  friction  in  vacuo  at  1000  F  whan  coupled  with 
flame-sprayed  aluminum  oxide  surfaces. 

9.  Steinberg,  S.,  and  Roepke,  W. ,  "Investigation  of 
Surface  Energy  States  of  Single-Crystal  Metals" , 
Report  No.  ARL64-25,  General  Mills,  Incorporated, 
St.  Paul,  Minnesota,  Contract  AF  33(657) -8038 
(February,  1964). 

A  high-vacuum  system  containing  a  unoplasma- 
tron,  friction-measuring  equipment,  and  a  contact 
potential  difference  determination  device  was 
developed.  With  this  system,  average  coefficient 
of  friction  and  contact  potential  difference 
measurements  were  made  on  copper  single  crystals 
oriented  in  the  (100)  and  (ill)  planes,  and  iron 
single  crystals  oriented  in  the  (llO)  plane,  after 
exposure  to  ion  bombardment  for  varying  periods 
of  time.  The  data  show  a  trend  toward  an  increase 
of  coefficient  of  friction  and  contact  potential 
difference  with  longer  ion-beam  exposures. 

10.  Ryan,  J.  A.,  "Experimental  Investigation  of 
Ultra-High  Vacuum  Adhesion  as  Related  to  the 
Lunar  Surface",  Second  Quarterly  Progress  Report, 
Missile  and  Space  Systems  Division,  Douglas 
Aircraft  Company,  Incorporated,  Santa  Monica, 
California,  Contract  NAS7-307  (June  26,  1964). 
(Report  date  questioned  because  time  covered  by 
quarterly  report  show  October  through  December, 
1964). 

The  purpose  of  the  program  was  to  obtain 
data  relating  to  the  possible  behavior  of  sili¬ 
cates  at  the  lunar  surface  and  to  determine  the 
degree  to  which  this  behavior  can  pose  problems 
to  lunar  surface  operations.  The  approach  used 
was  to  obtain  quantitative  data  relating  to  sili¬ 
cate  vacuum  friction-adhesion  through  the  use  of 
"single  crystal"  samples  of  the  various  common 
silicate  minerals.  This  approach  could  give  a 
basic  understanding  of  the  physics  of  silicate 
behavior  in  vacuum.  Work  covered  by  available 
reports  is  not  far  enough  along  for  real  data 
accumulation. 

11.  Bryant,  P.  J.,  Gosselin,  C.  N.,  and  Taylor,  L.  H., 
"Extreme  Vacuum  Technology  (below  10“13  torr) 

and  Associated  Clean  Surface  Studies",  Contractor 
Report  NASA  CR-884,  Midhwest  Research  Institute, 
Kansas  City,  Missouri,  Contract  No.  NASr-63(06) 
(July,  1964) . 

Work  covered  is  divided  into  five  phases i 
(1)  development  of  extreme  vacuum  technology 
utilizing  a  vapor-jet  mechanism  and  a  helium 
permeation-guard  technique.' A  helium-guard 
technique  for  glass  was  developed  which  lowers 
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tht  ptmwatlon  of  hoUum  by  throe  orders  of 
negnltude.  The  technique  consists  of  treetnent 
with  cesium  metal.  (2)  Determination  of  the 
qualities  and  species  of  gas  above  getter-ion 
pumps  and  chemically  trapped  oil  diffusion  pianps. 
(3)  Derivation  of  a  physical  adsorption  isotherm 
for  inert  gases.  (4)  Development  of  a  total- 
ressure  gage  for  readings  below  10~12  torr. 

5)  Investigation  of  the  adhesion  of  metals  ex¬ 
posed  to  vacuum  and  thermal  out-gassing. 

12.  Howardt  W.  W.,  and  Bauert  J.  M.«  "Engine-operating 
Problems  in  Space  •  Volume  1— The  Experimental 
Program"*  Report  No.  NASA  CRS2044,  Aerojet- 
General  Corporation*  Asusa,  California  (April* 

1963) . 

The  objective  of  the  program  was  to  define 
problems  associated  with  the  operation  of 
liquid-propellant  rocket  engines  in  space.  En¬ 
vironmental  factors  considered  included  nuclear 
radiation*  vacuum*  temperature  extremes*  micro- 
meteoroids*  ethylene  oxide/Freon-12  sterilant* 
ammonia  gas*  methane  gas*  and  dust. 

A  wide  variety  of  accomplishments  are  sum¬ 
marized  which  cover  the  effect  of  environment  on 
thrust  chambers*  solid-propellant  gas  generators* 
and  other  liquid-rocket  components. 

13.  Chinn*  J.  L.*  "The  Effects  of  Space  Environment 
on  Materials”*  North  American  Aviation*  Incor¬ 
porated*  Downey*  California*  Report  received 
September*  1963. 

This  paper  is  a  general  discussion  of  space 
environmental  effects  on  materials,  with  partic¬ 
ular  emphasis  on  materials  used  in  Apollo-type 
spacecraft.  General  coverage  is  given  of  the 
space  environment  anc  its  effect  on  spacecraft 
materiais  while  considerable  detail  is  devoted 
to  charged  particle  space  radiation,  its  origin, 
and  its  effects  on  space  materials. 

14.  Menard,  R.  C. ,  and  Anderson,  A.  A.,  "Investiga¬ 
tion  of  Surface  Energy  Space  of  Singie  Crystal 
Metals",  Report  No.  Afa.-63-139,  General  Mills, 
Incorporated,  St.  Paul,  Minnesota,  Concract  No. 

AF  33(657)-8038  (August,  1963). 

An  ion  beam  sputter  cleaning  apparatus  was 
developed  to  operate  in  a  high  vacuum  system. 

This  apparatus,  known  as  a  uniplasmasmatron, 
creates  positive  ions  from  various  gases  and 
focuses  them  into  a  beam  of  controlled  density 
and  energy.  Bombarding  ion  currents  of  80  micro 
amps  are  obtained.  Experiments  show  that  this 
current  is  sufficient  to  produce  large,  smooth, 
brightly  etched  surfaces  on  copper  specimens. 

A  contact  potential  device  was  also  de¬ 
veloped  to  study  the  surface  energy  of  single¬ 
crystal  metals  in  a  vacuum. 

15.  Clause,  N.  J.,  "Lubrication  Under  Space/Vacuum 
Conditions",  Lockheed  Aircraft  Corporation, 
Sunnyvale,  California,  Report  No.  5-10-62-47, 
Contract  AF  04(647)-787  (October,  1962). 

The  effects  of  space  environment  on  friction 
and  wear,  on  the  lubricants,  and  seif-lubricating 
materials  for  spacecraft  mechanisms  were  dis¬ 
cussed. 

Experimental  studies  demonstrated  the  feasi¬ 
bility  of  using  selected  oils  and  greases  to 
lubricate  highly  loaded  ball  bearings  without 
replenishment  for  periods  of  over  one  year  under 
the  following  conditions  of  operation*  speeds  of 
8000  rpm,  temperatures  of  160  to  200  F,  and 
vacuum  of  10”°  torr.  Over  one-half  year  of  suc- 


ceatful  operation  was  achieved  under  similar 
operating  conditions  with  solf-lubricating  re¬ 
tainers  of  reinforced  Teflon,  provided  that  the 
loads  were  light.  Bonded  films  of  molybdenum 
disulfide  gave  shorter  lifetimes  and  poor  repro¬ 
ducibility. 

16.  Gustafson*  J.  H.,  and  Bentley,  G.  A.,  "Survey  of 
Frictional  Problems  in  Spacecraft",  Final  Report, 
Marlin-Rockwell  Corporation,  Jamestown,  New  York 
(February  16,  1962). 

A  survey  of  frictional  problems  in  space¬ 
craft  mechanisms  was  conducted  for  the  JPL  in 
order  to  determine  the  degree  of  research  and 
development  effort  which  is  required  to  solve 
the  problems  introduced  by  space  environment. 

Recommendations  on  materials  choice  are 
made,  recognizing  the  pressures  of  the  time 
schedule  for  space  exporation.  Recommendations 
for  subsequent  research  and  development  are  made 
to  produce  maximum  results  in  a  minimum  length 
of  time  and  in  keeping  with  the  increased  com¬ 
plexity  of  future  missions. 

Appended  to  this  report  is  a  separate  report 
on  an  extensive  review  of  available  literature 
on  electrical  contacts  in  space  environment.  It 
was  concluded  that  the  problems  with  contacts  in 
space  are  but  specific  cases  of  general  problems 
which  have  not  yet  been  fully  solved  for  opera¬ 
tion  on  earth.  Areas  of  needed  research  are 
pinpointed. 

17.  Menard*  R.  C.*  Anderson,  A.  A.,  and  Roebke,  W. 

W.,  "Investigation  of  Surface  Phenomena  With 
Electron  Mirror  Microscopy",  Report  No.  ARL  62- 
333*  General  Mills  Corporation,  Minneapolis, 
Minnesota,  Contract  No.  AF  33(616)-6178  (April, 
1962) . 

The  objectives  of  the  program  were  to 
determine  the  feasibility  of  using  the  electron 
mirror  microscope  to  study  specialized  surface 
phenomena  and  to  use  this  instrument  in  con¬ 
junction  with  a  light-load  boundary  friction 
apparatus  to  investigate  the  friction  and  dura¬ 
bility  characteristics  of  thin  films  on  metal 
substrates. 

Characteristics  of  thin  surface  films  on 
titanium  were  studied  with  light-load  friction 
experiments  in  a  vacuum  of  10“6  torr.  Three 
surface  types  were  used*  "clean"  titanium, 
oxide-coated  titanium,  and  titanium  coated  with 
monolayers  of  polar  organic  compounds.  The 
results  are  discussed  in  terms  of  current  fric¬ 
tion  theory. 

18.  Bergman,  N.,  and  McCain,  J.  W.,  "Coefficient  of 
Friction  of  Metals  in  a  Vacuum",  North  American 
Aviation,  Incorporated,  Rocketdyne,  Canoga  Park, 
California,  Report  No.  TANN-2114-622  (July  3, 

1962) . 

Reference  was  made  to  a  research  program 
covering  friction  of  metals  in  a  vacuum  of  10”^ 
to  10-6  torr. (see  Reference  A-24)  a  curve  was 
published  in  the  reference  which  gave  the  co¬ 
efficient  of  friction  of  19  metal  combinations 
tested  versus  running  time  in  both  air  and 
vacuum.  It  wa'.  indicated  that  friction  was  60 
percent  more  ir.  vacuum  than  air,  and  further, 
that  in  both  cases  running  friction  rose  about 
50  percent  over  additional  startup  within  10 
minutes,  then  tended  to  level  off. 

It'appeared  that  this  curve  was  very  mis¬ 
leading  because  when  each  metal  combination  was 
considered  by  itself,  such  was  not  the  case. 


19 


Some  combinations  were  unaffected  by  vacuum  and 
others  actually  had  a  decrease  of  friction  In 
vacuumi  notabl  &2100  steel  had  over  a  SO  percent 
decrease  in  vacuum  friction. 

Six  material  combinations  selected  from 
the  referenced  work  were  included  in  this  study. 
They  were  stainless  steel •  aluminumt  chromium, 
silver,  cadmium,  and  nickel.  The  latter  four 
were  platings  applied  over  1090  steel,  hardened 
to  a  Rockwell  C  60. 

The  program  consisted  of  two  phases.  The 
first  phase  was  a  series  of  1-minute  tests  at 
two  load  levels  in  both  atmosphere  and  vacuum, 
to  show  any  increase  in  initial  vacuum  friction. 
The  second  phase  consisted  of  running  specimens 
30  minutes  in  both  atmosphere  and  vacuum  con¬ 
ditions  to  determine  the  amount  of  frictional 
increase  with  time. 

There  was  no  consistent  trend  for  the  ini¬ 
tial  friction  in  vacuum  to  be  greater  than  at¬ 
mospheric  friction  during  the  first  phase. 

There  were  varying  results  produced  by  each 
metal  combination  during  the  second  phase.  A 
general  trend  was  for  the  vacuum  friction  to  be 
slightly  higher  than  atmospheric  friction  after 
running  a  half  hour. 

Some  results  obtained  agreed  with  the  ref¬ 
erenced  work.  Some  did  not. 

19.  Wallace,  W.  B.,  "Vacuum  Studies  Give  Answer  to 
Materials  for  Space" ,  Pygdust  EnainftMina*  .22 
(3)  74-75  (February  5,  1962). 

General  coverage  of  problems  involvedi  de¬ 
gradation  of  plastics,  evaporation,  lubricant 
stability  and  test  equipment. 

2C.  Buginas,  S«  J.,  "Cold  Welding  in  a  Vacuum",  an 
Annotated  Bibliography”,  Lockheed  Missiles  and 
Space  Company,  Sunnyvale,  California,  Special 
Bibliography,  SB-63-5  (March,  1963). 

This  bibliography  contains  references 
issued  primarily  during  the  years  1959-1962. 

It  was  noted  that  much  of  the  reported  work  was 
oriented  around  the  aspects  of  friction,  seizing 
and  lubrication,  rather  than  welding. 

21.  Kramer,  I.  R.,  and  Podlaseck,  S.  E.,  "Effect  of 
Vacuum  Environment  on  the  Mechanical  Behavior 
of  Materials",  Final  Report  Nc.  AFOSR  2139, 

Martin  Company,  Baltimore,  Maryland,  Contract 
No.  AF  49(638)-946  (October,  1961). 

Apparatus  for  conducting  fatigue,  tensile 
and  creep  studies  in  the  pressure  range  760  mm 
mercury  to  10“8  torr  is  described.  Experimental 
data  are  presented  for  aluminum,  single  crystals 
showing  that  with  decreasing  pressure  fatigue 
life  improves  and  strength  in  tension  and 
creep  decreases. 

22.  Ling,  3.  S.,  "Welding  Aspect  of  Sliding  Friction 
Between  Unlubricated  Surfaces",  Final  Report, 
Rensselaer  Polytechnic  Institute,  Troy,  New 
York,  Contract  No.  AF  49(638) -67  (June  30, 

1960) . 

This  report  abstracts  material  from  pre¬ 
vious  technical  notes  written  on  the  welding 
aspect  of  friction  for  unlubricated  metal 
surfaces.  It  also  covers  a  theoretical  and 
experimental  investigation  of  adhesions  in 
which  the  coefficient  of  aohesion  is  related  to 
two  important  parameters,  "activation  energy  of 
the  process  and  a  time  exponent,  both  of  which 
are  dependent  upon  the  degree  of  cleanliness  of 
the  surfaces. 


The  experimental  work  was  carried  out  on 
gold/gold  and  copper/copper  couples.  The  en¬ 
vironment  pressures  were  atmospheric,  10"3  and 
10"6  torr. 

23.  Sittmons,  J.  C.,  "Behavior  of  Materials  in 
Space".  Astronautics.  Vol.  IV,  (June,  1959). 

A  general  article  on  the  environmental 
affects  of  space  on  materials.  Subjects 
covered  arei  surface  alterations,  material 
evaporation,  accumulation  of  electrical  charges, 
bulk  conductivity  changes  due  to  surface  alter¬ 
ation,  fatigue  property  due  to  lack  of  damping, 
and  friction  problems. 

24.  Hansen,  S.,  Jones,  W.,  and  Stephenson,  A.  R., 
"Research  Program  on  High-Vacuum  Friction" , 
Report  AFOSR  TR-55-97,  Clinton  Industries 
(March  30,  1959). 

The  friction  characteristics  of  numerous 
material  pairs  was  investigated  in  air  and  in 
vacuum.  The  specimens  .^ere  not  outgassed. 
Measurements  were  made  under  various  conditions 
of  load,  time,  and  degree  of  vacuums  the  lowest 
pressure  was  lO'^  torr.  Cleaning  preparations 
removed  soluble  contaminants,  but  not  bonded 
contaminants  or  oxides.  Results  were  obtained 
by  measuring  the  tangential  force  developed 
between  two  blocks  which  vere  pressed  together 
under  a  standardized  contact  pressure,  and 
slowly  oscillated. 

No  evidence  of  fundamental  relationship'- 
was  observed.  In  general,  when  dissimilar 
panels  .e  tested  the  softer  material  trans¬ 
ferred  to  the  harder  material,  thus  masking 
the  effects  of  the  test  on  the  harder  material. 
Under  good  vacuums  the  wear  products  consisted 
of  particles  born  from  th  specimen  surfaces. 
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